The feedback-inhibited form of Bacillus subtilis glutamine synthetase regulates the activity of the TnrA transcription factor through a protein-protein interaction that prevents TnrA from binding to DNA. Five mutants containing feedback-resistant glutamine synthetases (E65G, S66P, M68I, H195Y, and P318S) were isolated by screening for colonies capable of cross-feeding Gln ؊ cells. In vitro enzymatic assays revealed that the mutant enzymes had increased resistance to inhibition by glutamine, AMP, and methionine sulfoximine. The mutant proteins had a variety of enzymatic alterations that included changes in the levels of enzymatic activity and in substrate K m values. Constitutive expression of TnrA-and GlnR-regulated genes was seen in all five mutants. In gel mobility shift assays, the E65G and S66P enzymes were unable to inhibit TnrA DNA binding, while the other three mutant proteins (M68I, H195Y, and P318S) showed partial inhibition of TnrA DNA binding. A homology model of B. subtilis glutamine synthetase revealed that the five mutated amino acid residues are located in the enzyme active site. These observations are consistent with the hypothesis that glutamine and AMP bind at the active site to bring about feedback inhibition of glutamine synthetase.
Glutamine is a key compound in nitrogen metabolism that serves as the nitrogen donor for the synthesis of 25% of the nitrogen-containing compounds in cells (33) . Glutamine synthetase (GS) is a metalloenzyme that catalyzes the ATP-dependent synthesis of glutamine from glutamate and ammonium. Although Mg 2ϩ or Mn 2ϩ can be used to assay GS in vitro, the Mg 2ϩ -dependent reaction is the physiologically relevant enzymatic activity (34, 48) .
To ensure that adequate supplies of glutamine are available for growth under all nutritional conditions, the expression and activity of GS are tightly regulated. GS levels are low when cells are growing with excess nitrogen but increase when nitrogen becomes limiting for growth. Nitrogen regulation in Bacillus subtilis is mediated by two closely related transcriptional factors, GlnR and TnrA (13) . The genes encoding GlnR (glnR) and GS (glnA) are located together within the dicistronic glnRA operon (40) . GlnR represses expression of glnRA, tnrA, and the genes encoding the urea-degradative enzymes (4, 36, 45, 53) . TnrA controls the expression of multiple genes that include the catabolic enzymes and transport systems for nitrogen-containing compounds, which are utilized during nitrogenlimited growth (2, 12, 13, 17, 46, 52) . GlnR and TnrA bind to sites with similar consensus sequences but are active under different growth conditions (21, 29, 49, 53) . GlnR represses gene expression during growth with excess nitrogen, while TnrA represses and activates gene expression when nitrogen is limiting. Genetic analysis indicates that GS is required for the regulation of the activities of both TnrA and GlnR (36, 46, 48) . Although the precise role of GS in controlling GlnR activity has not yet been determined, the feedback-inhibited form of GS forms a protein-protein complex with TnrA and prevents TnrA from binding to DNA (51) .
The enzymatic activity of microbial GS is controlled posttranslationally by a variety of mechanisms. In Escherichia coli, GS activity is regulated by adenylylation, the covalent attachment of AMP to a specific tyrosine residue (34) . The unmodified form of E. coli GS requires Mg 2ϩ for optimal enzymatic activity and is relatively insensitive to feedback inhibition, while the adenylylated enzyme requires Mn 2ϩ for activity and is subject to feedback inhibition by AMP and eight other end products of glutamine metabolism (34) . Glutamine is not a feedback inhibitor of either form of the E. coli enzyme (43) . Thus, under normal physiological conditions, where Mg 2ϩ levels are relatively high and only trace amounts of Mn 2ϩ are present, the activity of the E. coli GS is controlled by adenylylation (34) . Although the tyrosine residue that is the site of adenylylation in E. coli GS is conserved in B. subtilis GS (40) , posttranslational modification of B. subtilis GS has not been observed (16) . Instead, the physiologically relevant Mg 2ϩ -dependent enzymatic activity of B. subtilis GS is subject to feedback inhibition by glutamine and AMP (9) . Interestingly, although glutamine acts as a feedback inhibitor for only the B. subtilis GS enzyme, the amino acid sequences of the E. coli and B. subtilis GS proteins are highly similar (43% identical and 65% similar residues) (40, 47) . The amino acid and structural differences that allow glutamine to bind with sufficient affinity to regulate the activity of the B. subtilis GS enzyme, but not the activity of the E. coli GS enzyme, are not understood.
The model in which the feedback-inhibited form of the B. subtilis GS regulates TnrA activity in vivo is supported by the properties of a mutant encoding the feedback-resistant S186F GS (48) . Cells synthesizing the S186F enzyme express both TnrA-and GlnR-regulated genes constitutively. Although the feedback-resistant property of S186F GS results from reduced affinity for glutamine and AMP, no differences between the kinetic properties of the S186F and wild-type GS enzymes could be detected. The Ser-186 residue is located on a ␤-strand that lines the active site. Since the side chain of Ser-186 is oriented so that it points away from the active site, the phenylalanine substitution at this position indirectly confers resistance to glutamine and AMP feedback inhibition.
To identify additional residues in B. subtilis GS required for feedback inhibition, mutants encoding feedback-resistant GS enzymes were isolated using a novel plate screen. Interestingly, the five new feedback-resistant GS mutants isolated in this study were also found to be defective in regulating the activities of GlnR and TnrA.
MATERIALS AND METHODS
Bacterial strains, cell growth, and media. Table 1 lists the B. subtilis strains used in this study. Derivatives of the feedback-resistant mutant strains containing lacZ fusions were constructed as previously described (44) . The methods used for bacterial cultivation in the minimal medium of Neidhardt et al. (30) have been described previously (1) . BSS minimal medium agar plates were prepared as previously described (5) . Glucose was added to all media at a final concentration of 0.5%. All nitrogen sources were added to a final concentration of 0.2%. Casamino Acids, an acid hydrolysate of casein, was obtained from Difco Laboratories. 5-Bromo-4-chloro-3-indolyl-␤-D-galactoside (X-Gal) was added to agar plates to give a final concentration of 40 g/ml.
Plasmid construction. Plasmid pGLN207, which is a clone of the glnRA region in which the entire glnA coding sequence has been replaced with a spectinomycin resistance cassette, was constructed in three steps. A 382-bp DNA fragment containing sequences located immediately downstream of the glnA gene was prepared by PCR amplification with primers GSDEL3 (5Ј-GTC ACT GCA GGT AAT AAA TTA TGG AGC GGC) and GSDEL4 (5Ј-ACT GAA GCT TTA AGA GTC ATC TAT AAC CGC) and inserted into pJDC9 (6) as a PstI-HindIII fragment to construct pGLN205. A 405-bp DNA fragment containing sequences located immediately upstream of the glnA gene was prepared by PCR amplification with primers GSDEL1 (5Ј-AGT CTC TAG ATA GTT ATC AGC AAG ACA AAT TCG) and GSDEL2 (5Ј-GTC ACT GCA GAA AAG GTA AAA ATG TAT ATA GC) and inserted into pGLN205 as an XbaI-PstI fragment to give pGLN206. Plasmid pGLN207 was constructed by inserting a spectinomycin resistance gene cassette (20) into the PstI site of pGLN206. Plasmid pGLN209 contains a neomycin resistance gene cassette (20) cloned into the BamHI site of pSF42 (15) .
Mutant isolation. pGLN209 plasmid DNA, which contains the entire glnA gene, was mutagenized by propagation in XL1-Red, an E. coli mutator strain (Stratagene). Mutagenized pGLN209 DNA was used to transform strain SF300G7 (⌬glnA207::spc amtB::Tn917-lacZ) cells to Gln ϩ on glucose minimal BSS plates containing X-Gal and an excess nitrogen source that lacked glutamine. A previously isolated mutant encoding a feedback-resistant GS (S186F) was shown to grow poorly with glutamate plus ammonium as the nitrogen source but had no defect when grown with Casamino Acids plus glutamate plus ammonium as the nitrogen source (48) . Therefore, both glutamate plus ammonium and Casamino Acids plus glutamate plus ammonium were used as excess nitrogen sources during the mutant screen in order to avoid any growth-dependent bias. Gln ϩ transformants resulting from double-crossover events were identified by the absence of plasmid-encoded neomycin resistance.
Enzyme assays. ␤-Galactosidase activity was assayed in crude extracts prepared from cells grown to mid-log growth phase (70 to 90 Klett units) as previously described (1) . ␤-Galactosidase levels were corrected for the endogenous activity present in B. subtilis cells containing the promoterless lacZ gene from pSFL6 integrated at the amyE site.
The biosynthetic and reverse (transferase) enzymatic activities of glutamine synthetase were measured by the production of ␥-glutamylhydroxamate as previously described (14) . The kinetic constants for the Mg 2ϩ -dependent biosynthetic reaction were determined as previously described (48) . The glutamine, AMP, and methionine sulfoximine concentrations necessary to reduce enzymatic activity by 50% (IC 50 ) were determined with the Mg 2ϩ -dependent biosynthetic reaction, where the glutamate and ATP concentrations were 150 and 18 mM, respectively (48) .
DNA and protein methods. DNA sequencing of the feedback-resistant mutations and construction of mutant GS overexpression plasmids were performed as previously described (14) . Purification of TnrA and GS were done by published procedures (50, 51) . The concentrations of TnrA and GS were determined by measuring their absorbances at 280 nm. The molar absorption coefficients of the proteins were calculated from their amino acid sequences (31) . Gel mobility shift experiments to examine the abilities of wild-type and mutant GS proteins to inhibit DNA binding by TnrA were performed as previously described (51) .
Bioinformatics. To identify amino acid residues uniquely conserved in GS proteins subject to feedback inhibition, a multiple-sequence alignment was used to compare 30 Bacilli GS proteins with 28 GS proteins from Proteobacteria. The rationale used for selection of the GS sequences in this alignment was as follows. Since feedback inhibition of B. subtilis GS is required for the regulation of GlnR and TnrA activity (48) , a set of GS proteins that are presumably subject to feedback inhibition was obtained by selecting GS sequences from Bacilli species that encode orthologs of the B. subtilis GlnR or TnrA protein. The physiologically significant regulation of E. coli GS activity is mediated by adenylylation rather than by feedback inhibition (34) . A set of GS proteins that presumably have the same pattern of regulation as the E. coli enzyme was obtained by selecting GS sequences from Proteobacteria species that encode orthologs of E. coli GS adenyltransferase, the enzyme that catalyzes the adenylylation of GS. None of the Proteobacteria species encode orthologs of GlnR or TnrA. None of the Bacilli species encode orthologs of the E. coli GS adenyltransferase. The sequence alignment was prepared with ClustalW (41) and manually edited with GeneDoc (http://www.psc.edu/biomed/genedoc/) to remove gaps within secondary-structural elements. The accession numbers for the protein sequences used in this alignment are listed in Table S1 in the supplemental material. The multiplesequence alignment is presented in Fig. S1 in the supplemental material. Consensus sequence logos were prepared with WebLogo (7). A homology model of B. subtilis GS complexed with the reaction products glutamine, ADP, and phosphate was constructed using DeepView software and the SWISS-MODEL web server (37) . The X-ray crystal structure of Salmonella enterica serovar Typhimurium GS complexed with ADP and the glutamine analogue phosphinothricin (18) was used as the template. The alignment of the B. subtilis and S. enterica serovar Typhimurium sequences used for modeling was guided by the multiplesequence alignment described above and differs in the carboxyl-terminal region from the alignment used for a previous homology model (14) . ADP and magnesium ions were placed into the active site of the homology model by structurally aligning Mycobacterium tuberculosis GS complexed with methionine sulfoximine phosphate and ADP (22) with the homology model. Similarly, glutamine was positioned in the active site by using the glutamate-bound structure of S. enterica serovar Typhimurium GS (23) as a template. Using the results of the structural model of S. enterica serovar Typhimurium GS complexed with the enzymatic reaction products (23) as a guide, a phosphate anion was manually docked into the active site and positioned so that it formed hydrogen bonds with the amide nitrogen of glutamine and the side chains of Arg-316 and Arg-335.
Protein structure accession number. The coordinates for the homology model were deposited in the Protein Data Bank (accession number 2FWX).
RESULTS

Isolation and characterization of mutants that encode feedback-resistant GS.
A plate screen was developed that allowed direct visual identification of mutants with feedback-resistant glnA mutations. This screen was based on our previous observation that strain SF186, which synthesizes a feedback-resistant GS enzyme, excretes sufficient glutamine to cross-feed glnA null mutants (48) . As a result, when the SF186 cells are plated on a lawn of Gln Ϫ cells in the absence of glutamine, the SF186 
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on October 23, 2017 by guest http://jb.asm.org/ colonies become surrounded by a halo of Gln Ϫ cells. This cross-feeding phenotype was used to identify additional mutants that encode feedback-resistant GS enzymes.
Mutagenized glnA DNA was used to transform strain SF300G7 (⌬glnA amtB-lacZ) to Gln ϩ . Transcription from the TnrA-dependent amtB-lacZ fusion was visualized by including X-Gal, a chromogenic substrate for ␤-galactosidase, in the selection plates. Two types of blue colonies were found among the Gln ϩ transformants: colonies with sharp borders and colonies surrounded by a halo of blue Gln Ϫ cells (Fig. 1) . Mutants that synthesize GS enzymes that are feedback sensitive but are unable to regulate the activity of TnrA give rise to blue Gln ϩ colonies with sharp borders (14) . Blue Gln ϩ colonies with halos secrete glutamine due to the presence of a feedbackresistant GS and thus cross-feed the surrounding Gln Ϫ cells on the transformation plate. The Gln Ϫ cells in the halo are blue because TnrA-regulated genes are expressed constitutively in glnA null mutants (46) . All of the colonies observed in the mutant screening that had halos were also colored blue. The nucleotide lesions in 15 independently isolated mutants with the cross-feeding phenotype were determined by PCR amplification and sequencing of the glnRA operon. In addition to the previously described glnA186 mutation (48), five new mutations in the glnA gene were identified (Table 2) .
When the growth properties of these five glnA mutants were examined on glucose minimal medium plates containing various nitrogen sources, the glnA(M68I) and glnA(H195Y) mutants were found to exhibit growth phenotypes that were identical to that of the wild-type strain. In contrast, the glnA(E65G) and glnA(S66P) mutants were unable to form colonies on plates containing ammonium as the sole nitrogen source but formed small colonies on plates with glutamate plus ammonium as the nitrogen source. Additionally, the glnA(P318S) mutant formed significantly smaller colonies than wild-type cells on plates containing ammonium as the sole nitrogen source, although the wild-type and glnA(P318S) strains formed similar-size colonies with glutamate plus ammonium as the nitrogen source. The growth defects with ammonium as the nitrogen source that were seen with the glnA(E65G), glnA (S66P), and glnA(P318S) mutants and the ability of glutamate supplementation to at least partially suppress this growth defect are most likely consequences of the enzymatically defective GS proteins that these mutants synthesize (see below). Strains with the glnA(E65G) and glnA(S66P) mutations were also unable to grow on media containing glutamine. This glutamine-sensitive growth phenotype was observed with the previously described glnA186 mutant (48) . TnrA-and GlnR-dependent regulation in the feedbackresistant mutants. The effects of these glnA mutations on the expression of a TnrA-regulated gene were analyzed by measuring ␤-galactosidase production from an amtB-lacZ fusion in wild-type and mutant cells. ␤-Galactosidase levels were 2,000-fold higher in wild-type cells grown in minimal medium containing the limiting nitrogen source glutamate than in cells grown in minimal medium with the excess nitrogen source glutamine (Table 2 ). In wild-type cells, ␤-galactosidase levels were 18-fold higher in cultures grown with limiting nitrogen (glutamate) than in cultures grown with the excess nitrogen source Casamino Acids plus glutamate (Table 2) .
Since the glnA(E65G) and glnA(S66P) mutants have a glutamine-sensitive growth phenotype and are unable to grow on minimal medium containing glutamine, Casamino Acids plus glutamate was used as the excess nitrogen source in these experiments. In contrast to the wild-type strain, similar levels of ␤-galactosidase were present in these two glnA mutants grown with limiting and excess nitrogen sources ( (Table 2) . Since GS regulates the activity of GlnR (36), the effects of the feedback-resistant glnA mutations on the GlnR-dependent regulation of a glnRA-lacZ fusion were also examined. The expression of glnRA is repressed by both GlnR and TnrA (46) . To eliminate the TnrA-dependent regulation of the glnRA promoter, the expression of this promoter was examined in a tnrA genetic background. In wild-type cells, ␤-galactosidase levels were 140-fold higher in nitrogen-limited (glutamate) cultures than in cells grown with the excess nitrogen source glutamine ( Table 2 ). The GlnR-dependent repression of glnRA expression was relieved in the glnA(M68I), glnA(H195Y), and glnA(P318S) mutants, where the ␤-galactosidase levels in glutamine-grown cultures were 57-to 153-fold higher in the glnA mutants than in the wild-type strain (Table 2) . When Casamino Acids plus glutamate was used as the excess nitrogen source for examining glnRA regulation in the glnA(E65G) and glnA(S66P) mutants, constitutive glnRA expression was observed (Table 2) .
Enzymatic properties of the feedback-resistant enzymes. To characterize the kinetic and feedback properties of the mutant enzymes, the proteins were overexpressed and purified to homogeneity. The results of enzymatic assays for the wild-type and mutant proteins are shown in Table 3 . Because the Mg 2ϩ -dependent biosynthetic activity is the major route for glutamine synthesis in vivo (48), the kinetic constants for this enzymatic reaction were determined. The maximal velocities for the E65G and P318S enzymes were 6.5-and 3-fold lower, respectively, than for the wild-type enzyme (Table 3) . Thus, the growth defects of these two glnA mutants on minimal medium containing ammonium as the sole nitrogen source most likely result from the synthesis of GS enzymes with low biosynthetic activities. The glutamate and ATP K m values for the S66P enzyme are five-and ninefold higher, respectively, than that of the wild-type enzyme, indicating that S66P GS does not bind these reaction substrates as tightly as the wild-type enzyme. These observations suggest that under in vivo conditions, where glutamate and ATP levels are 143 and 3.5 mM, respectively (16), lower levels of glutamine would be synthesized in the glnA(S66P) mutant than in wild-type cells. This impairment in glutamine synthesis most likely explains the inability of glnA(S66P) cells to grow with ammonium as the sole nitrogen source. Several of the kinetic parameters for the M68I and H195Y enzymes were slightly higher than the values for the wild-type enzyme (Table 3) .
Although the levels of the Mn 2ϩ -dependent biosynthetic specific activity varied significantly among the mutant GS proteins (Table 3) , there was no correlation between this enzymatic activity and the growth phenotype or levels of transcriptional regulation in the mutants encoding these enzymes. Only a twofold variation in the levels of transferase (reverse) activity was observed among the mutant enzymes (Table 3) .
Sensitivities of mutant enzymes to inhibitors. The Mg 2ϩ -dependent biosynthetic reaction of B. subtilis GS is inhibited by glutamine and AMP (9) . Structural and enzymatic data have shown that glutamine and AMP are competitive inhibitors that bind to the substrate sites for glutamate and ATP, respectively (23, 24, 48) . While all of the mutant enzymes were highly resistant to inhibition by glutamine (Table 4 ), IC 50 s could be determined for only two of the proteins (M68I and H195Y) due to the limited solubility of glutamine. The previously reported S186F enzyme also has a glutamine IC 50 that is greater than 140 mM (data not shown). Although all five mutant enzymes were more resistant to inhibition by AMP than the wild-type enzyme, there was a wide range in the AMP IC 50 s for the mutant proteins, and only the P318S enzyme was completely resistant to inhibition by AMP (Table 4) .
The glutamate analogue L-methionine-S-sulfoximine (MetSox) inhibits GS enzymatic activity by a different mechanism than glutamine or AMP. MetSox is a substrate for GS and is phosphorylated in the presence of ATP (42) . Phosphorylated MetSox is a transition state mimic that binds tightly to the enzyme, resulting in irreversible inhibition (42) . The feedback-resistant (Table 4) . Curiously, the E65G and S66P mutant enzymes had the most significant increases in their MetSox IC 50 s, 12-and 30-fold, respectively, and were from the two mutant strains with the glutaminesensitive growth phenotype (Table 2 ). This correspondence is most likely coincidental in that the previously characterized S186F mutant GS had only a 1.8-fold increase in resistance to MetSox but was also sensitive to glutamine (48) . Inhibition of TnrA in vitro DNA binding. The ability of the feedback-resistant and wild-type enzymes to inhibit the binding of TnrA to the amtB promoter was examined using an in vitro DNA gel mobility shift assay. Glutamine is significantly more effective than AMP in promoting the ability of wild-type GS to impede TnrA DNA binding (48, 51) . In addition, because all five mutants exhibited major defects in glutamine feedback inhibition but had variable alterations in their inhibition by AMP (Table 4) , only glutamine was used as the feedback inhibitor in these assays.
In the first set of experiments, fixed amounts of GS and TnrA were incubated with various amounts of glutamine. Compared to the wild-type enzyme, all five feedback-resistant GS proteins were defective in the ability to suppress TnrA DNA binding in the presence of glutamine. No inhibition of TnrA DNA binding was observed with the E65G and S66P mutant enzymes (Fig. 2) . In contrast, when the reaction mixture contained 20 mM glutamine, a concentration that matches the intracellular levels in wild-type B. subtilis cells grown with excess nitrogen (16), TnrA DNA binding was partially blocked by the M68I, H195Y, and P318S enzymes (Fig. 2) . These in vitro results correlate with the observation that growth of the glnA(E65G) and glnA(S66P) mutants, but not of the glnA (M68I), glnA(H195Y), and glnA(P318S) mutants, is glutamine sensitive.
To determine whether the feedback-resistant enzymes had any inherent defect in the ability to interact with TnrA, high concentrations of mutant and wild-type proteins were incubated with TnrA in the absence of the feedback inhibitor glutamine. Under these reaction conditions, TnrA DNA binding is partially inhibited by wild-type GS (Fig. 3) (48, 51) . Under the same experimental conditions, no inhibition of TnrA DNA binding was observed with the E65G, S66P, M68I, and H195Y enzymes. These results indicate that in the absence of glutamine, these four proteins have altered conformations that reduce their ability to interact with TnrA. In contrast, P318S GS was able to inhibit TnrA DNA binding to a level that was similar to that of the wild-type protein (Fig. 3) .
DISCUSSION
The observation that all the feedback-resistant glnA mutants isolated in this study have pleiotropic alterations in both TnrAand GlnR-mediated gene regulation supports the model for the control of TnrA activity by feedback-inhibited GS and argues that the activity of GlnR is also controlled by feedbackinhibited GS. Based on their ability to grow in the presence of glutamine, the previously reported S186F mutant and the five feedback-resistant GS mutants described here fall into two groups. The E65G, S66P, and S186F mutants have a glutamine-sensitive growth phenotype, while the M68I, H195Y, and P318S mutants grew like wild-type cells in the presence of glutamine. This in vivo growth phenotype correlates well with the results of in vitro experiments showing that in the presence of glutamine, the M68I, H195Y, and P318S proteins partially inhibit TnrA binding, while TnrA binding is essentially unaffected by the presence of the E65G, S66P, and S186F proteins (Fig. 2) (48) .
One explanation for the correlation between the glutamine growth phenotype and the in vitro levels of regulation of TnrA activity is that the E65G, S66P, and S186F GS proteins are more resistant to feedback inhibition by glutamine than the M68I, H195Y, and P318S proteins. The differences between these two groups of mutants do not appear to result from differences in their resistance to AMP inhibition, because there is no correlation between the in vivo phenotypes and the AMP FIG. 2 . Effects of glutamine on the ability of wild-type and mutant GS proteins to inhibit TnrA DNA binding. Binding of TnrA to amtB promoter DNA was determined in a gel mobility shift assay. The abilities of wild-type (F), E65G (E), S66P (ᮀ), M68I (छ), H195Y (‚), and P318S (ƒ) proteins to inhibit the DNA binding activity of TnrA were determined in the presence of various concentrations of glutamine. The TnrA dimer concentration was 30 nM, and the GS subunit concentration was 1 M in all binding reactions. Each data point is the mean of at least two independent experiments and is reproducible to with Ϯ10%. Although specific glutamine IC 50 s could not be determined for all of the mutant proteins due to limitations of the in vitro assay, the M68I and H195Y enzymes have IC 50 s that are lower than those of the E65G, S66P, S186F, and P318S enzymes. Interestingly, all the mutant proteins had glutamine IC 50 s that were significantly higher than 20 mM, the intracellular glutamine concentration in wild-type cells grown in the presence of excess nitrogen (16) . Since all six feedback-resistant mutants, unlike the wild-type cells, can cross-feed Gln Ϫ cells, these mutants are likely to have significantly higher intracellular glutamine pools than wildtype cells. If the glutamine-sensitive phenotype results from the production of high intracellular levels of glutamine by mutant GS enzymes that are completely resistant to glutamine inhibition, then the E65G, S66P, and S186F enzymes would be more resistant to glutamine feedback inhibition than the M68I, H195Y, and P318S proteins.
The feedback-resistant glnA mutations could not only affect the level of feedback resistance, but also produce structural alterations that affect the TnrA binding site on GS. Indeed, compared to the wild-type enzyme, four of the feedback-resistant proteins had reduced affinity for TnrA in the absence of feedback inhibitors (Fig. 3) (48) . Only the P318S and S186F proteins interacted with TnrA, as well as wild-type GS, under these conditions. However, since the abilities of the mutant proteins to bind TnrA in the absence of inhibitors do not correlate with the in vivo regulation of TnrA, this property cannot fully account for the difference in the level of TnrA regulation seen between these two groups of mutants.
A straightforward explanation for the feedback-resistant properties of the mutant enzymes is that they have lower affinities for the feedback inhibitors than the wild-type enzyme. Indeed the previously isolated S186F mutant was shown to be defective in the binding of both glutamine and AMP (48) . However, the enzymatic properties of the S186F GS protein are similar to those of the wild-type GS, while all five feedbackresistant GSs reported here have a variety of enzymatic alterations that could contribute to their feedback-resistant phenotype. For example, since glutamine and AMP are competitive inhibitors that bind to the substrate sites for glutamate and ATP, respectively (23, 24, 48) , mutant enzymes with higher substrate affinities than the wild-type enzyme would have increased resistance to the inhibitors as a result of competition with the substrates. Two of the mutant enzymes, E65G and P318S, have glutamate K m values that are lower than those of wild-type GS (Table 3 ). This observation implies that these two enzymes have a higher affinity for glutamate than the wild-type enzyme, and thus, their resistance to glutamine inhibition could result, at least in part, from the reduced ability of glutamine to bind to the active site in the presence of glutamate. Similarly, the high level of resistance to AMP inhibition by the P318S enzyme may be related to the fact that the P318S enzyme has an ATP K m value that is lower than that of wild-type GS (Tables 3 and 4) .
In addition to having some substrate K m values that are lower than that of the wild-type enzyme, the E65G and P318S mutant enzymes have maximal velocity levels that are lower than that of wild-type GS (Table 3 ). The lower maximal veloc-ity levels of the E65G and P318S mutant enzymes may directly result from their lower substrate K m values. According to the transition state model of catalysis, the level of enzymatic activity is inversely related to the difference in the energy level between the enzyme-substrate complex and the transition state complex (11) . All other things being equal, an amino acid substitution that stabilized the enzyme-substrate complex would increase this energy difference and reduce the level of catalysis. Thus, the apparently higher affinities that these two mutant enzymes have for their substrates may stabilize the enzyme-substrate complex and contribute to the low levels of enzymatic activity observed with these mutant enzymes.
A structural approach was used to obtain a better understanding of how these glnA mutations might affect the feedback inhibition and activity of GS. Since the crystal structure of B. subtilis GS is not available, a homology model of this protein was prepared. The crystal structures of the GS proteins from S. enterica serovar Typhimurium and M. tuberculosis have been determined (10, 18, 19, 22, 23) . These enzymes are dodecamers composed of two hexameric rings stacked on top of one another. The active sites are located at the subunit-subunit interfaces within the hexameric ring. Because B. subtilis GS is also a dodecamer and has significant sequence similarity to the proteins from S. enterica serovar Typhimurium and M. tuberculosis (8, 40) , these proteins can be used as templates to produce an accurate model.
The structural model of B. subtilis GS revealed that all of the substituted residues in the feedback-resistant enzymes were located in the active site (Fig. 4) . This observation is consistent with the hypothesis that glutamine and AMP act as feedback inhibitors by binding at the active site and not at an allosteric regulatory site (48) . From structural studies of S. enterica serovar Typhimurium and M. tuberculosis GS (22, 23, 24) , it is clear that none of the residues altered in the feedback-resistant B. subtilis enzymes directly contact the reaction substrates or enzymatic inhibitors. This finding indicates that these amino acid substitutions indirectly affect enzymatic activity and feedback inhibition. This result is not unprecedented. Studies of other enzymes have shown that amino acid substitutions that alter substrate specificity are often located in residues that do not make contact with the substrate (28) . The mutant isolation procedure used to isolate the feedback-resistant enzymes reported here required that the mutant proteins both retain enough enzymatic activity to confer a Gln ϩ phenotype and simultaneously produce high levels of glutamine to cross-feed Gln Ϫ cells. As a result, glnA mutations that resulted in either defective substrate binding or catalysis would not have been isolated using this screen. Structural studies of Salmonella enterica serovar Typhimurium GS have revealed that the amino acid residues that interact with glutamine and AMP are also used to contact glutamate and ATP (23, 24) . Since these same residues are conserved in B. subtilis GS, substitutions that altered residues directly involved in inhibitor binding would have simultaneously reduced substrate binding.
The residues altered in the feedback-resistant enzymes are located in two regions of the active site. The His-195 and Ser-186 residues are located on adjacent ␤-strands that line the active site (Fig. 4A) (48) . The side chains of these two residues are positioned so that they are directed away from the activesite chamber. This observation is consistent with the idea that these side chains do not directly contact the feedback inhibitors and suggests that the substitutions in these residues confer resistance to feedback inhibition by an indirect mechanism. Residues Glu-65, Ser-66, Met-68, and Pro-318 are located near a subunit-subunit interface where the side chain of Asp-67 from one subunit hydrogen bonds with the side chains of Arg-316 and Arg-321 from an adjacent subunit (Fig. 4B) . The mutational substitutions in residues Glu-65, Ser-66, Met-68, and Pro-318 may alter this subunit-subunit interaction and thus change the conformation of the active site so that the enzymatic and feedback inhibition properties of the mutant enzymes are altered (26) .
B. subtilis GS is functionally different from its E. coli homolog in that glutamine binds to the B. subtilis enzyme with FIG. 5 . Consensus sequence logos for regions of the GS active site. The residue numbers correspond to the B. subtilis enzyme. The heights of the letters indicate the information content at each position (35) . Bac corresponds to the Bacilli sequences; Pro corresponds to the Proteobacteria sequences. sufficient affinity to inhibit catalytic activity. Therefore, the B. subtilis active site must contain unique amino acid residues that stabilize the binding of glutamine to the active site. Mutational and structural studies of a variety of different proteins have shown that evolutionarily conserved residues are important for binding specificity (25, 27, 39) . To identify residues critical for glutamine feedback inhibition, a multiple-sequence alignment of GS proteins from Bacilli and Proteobacteria strains was constructed. This analysis assumes that the physiologically significant forms of the GS enzymes from these two groups of bacteria differ in that only the Bacilli enzymes are subject to feedback inhibition by glutamine (see Materials and Methods). The rationale for this approach is the fact that within any given protein family the amino acid residues critical for structure and function are highly conserved and that any subclass of a protein family with a different functional property or ligand-binding specificity will contain a unique set of conserved residues required for the distinguishing feature of that subclass (27, 38) . Thus, the amino acid residues critical for glutamine feedback inhibition should be uniquely conserved within the Bacilli GS proteins.
The results of the genetic studies support this proposal. Three of the six residues altered in the feedback-resistant B. subtilis enzymes, His-195, Ser-186, and Pro-318, are completely conserved among the Bacilli GS proteins but have sequence divergences at the corresponding positions in the enzymes from Proteobacteria (Fig. 5) . The fact that the other three residues, Glu-65, Ser-66, and Met-68, are highly conserved in both the Bacilli and Proteobacteria GS enzymes most likely reflects the fact that these amino acids are located in a protein region involved in subunit-subunit interactions. The observation that the Bacilli and Proteobacteria amino acid consensus sequences diverge at positions 69, 182, 198, 199 , and 319 within the active site raises the possibility that these residues may also be critical for feedback inhibition by glutamine (Fig. 5) . Further mutational analysis will be required to confirm this hypothesis.
